Abstract. The aim of the present study was to perform a rapid evaluation of the efficiency of commonly used platinum-based chemotherapy regimens for patients with ovarian cancer with extensive metastases using an in vitro method combined with culturing primary cells and real-time monitoring, and to further explore the enhanced effect of metformin on susceptibility of ovarian cancer cells to platinum-based chemotherapy. The primary omental metastatic (OM) cells were isolated from the omentum metastasis of a surgical patient with stage IIIc ovarian carcinoma. Drug sensitivity was evaluated using the xCELLigence system, and screening of the most effective platinum chemotherapy was performed through analysis of cell susceptibility to cisplatin, carboplatin, nedaplatin and paclitaxel or docetaxel alone or in combination. At the same time, this system was used to determine whether metformin was able to increase the sensitivity of cancer cells to platinum chemotherapy. The results revealed that nedaplatin exhibited the most marked cytotoxic effect on the OM cells, followed by those of carboplatin and cisplatin. The addition of docetaxel enhanced the cytotoxic effect, and the combination of platinum and paclitaxel also enhanced the effect. Metformin rapidly increased the sensitivity of cells to platinum-based chemotherapy, and this effect was dose-dependent. The sensitivity of OM cells to different platinum-based regimens was varied. The effect of metformin on chemotherapeutic sensitization of cancer cells is clear in vitro, and the real-time cell analyzer assay has the potential to assist in determining individualized drug regimens for patients with metastatic ovarian cancer.
Introduction
Ovarian cancer has the highest mortality rate of all gynecological cancers worldwide and is frequently (in >75% of cases) diagnosed at an advanced stage (1) . Debulking surgery and platinum-based chemotherapy are, at present, the cornerstones of treatment (2) . However, even with optimal debulking surgery followed by aggressive front-line chemotherapy, which results in an 80% initial cure rate, advanced-stage disease in the majority of cases is incurable (3) . This is due to the development of chemoresistant disease, which results in recurrence within 16-22 months and a 5-year survival rate of only 27% (3) . Therefore, the option of an effective platinum-based chemotherapeutic regimen to improve the sensitivity of primary platinum therapy to prevent tumor recurrence, extend the platinum-free interval and improve ovarian cancer survival rates has been the focus of clinical research.
The traditional approach to assess drug sensitivity in cancer cells includes the MTT cell viability assay, Cell Counting Kit-8 proliferation assay, flow cytometry and adenosine triphosphate-based assays. However, these endpoint assays have similar disadvantages, such as multiple steps in their protocols that may lead to false-positive results, and steps performed at multiple time points to gain information during treatment, which may also introduce errors (4) . To obtain accurate and uninterrupted information about the efficacy of drug combinations, the real-time cell analyzer system (RTCA) was selected for the present study. This system has been widely used to determine cell proliferation (4) , evaluate drug sensitivity (5), screen drug profiles and reveal windows of drug response (6) the RTCA device is available via the ACEA Biosciences, Inc. website (aceabio.com/publications). Metformin (MTF) has been used to treat type 2 diabetes mellitus for almost 60 years (7) . In recent years, the effect of MTF on the treatment and prevention of cancer has become an important focus of research (8) . MTF intake was reportedly associated with improved survival times in patients with ovarian cancer (9) (10) (11) , and was also reported to increase the sensitivity of cells to cisplatin (DDP) in primary ovarian cancer (12) . However, the mechanism of action was unclear and the potential benefit of MTF for patients without diabetes has not been confirmed.
In the present study, a patient that had received primary surgery who had not received adjuvant chemotherapy was selected to perform drug sensitivity testing. The aim was to establish a rapid method to identify the most effective chemotherapeutic combination and to determine whether MTF is beneficial to patients. Omental metastatic (OM) cells were isolated and cultured from a female patient with extensive invasive cancer. The RTCA system was used to evaluate the efficiency of common platinum-based chemotherapy regimens. In addition, this in vitro analysis also evaluated whether MTF could increase the sensitivity of platinum drugs.
Patients and methods

Patient.
A 69-year-old female patient with ovarian cancer was hospitalized in the Gynecological Oncology department of The Affiliated Cancer Hospital of Guangxi Medical University (Nanning, China) in October 2016. The patient received a diagnosis of stage III ovarian cancer (FIGO staging system) (13) according to physical examination and diagnostic imaging tests and was scheduled for cytoreductive surgery. Written informed consent was obtained from the patient prior to surgery. The patient received no additional treatment prior to surgery, and was released from the hospital in December 2016. Postoperative pathology confirmed the specimen from the primary lesion was high-grade serous papillary carcinoma. The ethics review committee of The Affiliated Tumor Hospital of Guangxi Medical University approved the present study.
Chemicals. DDP and paclitaxel (PTX) were obtained from Hospira Australia Pty Ltd.; Pfizer Australia (West Ryde, New South Wales, Australia). Carboplatin (CBP) was obtained from Qilu Pharmaceutical Co., Ltd. (Shandong, China). Nedaplatin (NDP) was obtained from Jiangsu Aosai Kang Pharmaceutical Co., Ltd. (Jiangsu, China). Docetaxel (DTX) was obtained from Jiangsu Hengrui Medicine Co., Ltd. (Jiangsu, China). MTF hydrochloride was obtained from Hebei Tiancheng Pharmaceutical Co., Ltd. (Hebei, China). RMPI-1640 culture medium, fetal bovine serum, glutamate and 0.05% trypsin were obtained from Corning, Incorporated (Corning, NY, USA). Recombinant human insulin was obtained from Novo Nordisk (Bagsvaerd, Denmark).
Primary cell culture. Specimens from the transected primary lesions and OM cells were collected, cut into pieces and gently digested with 0.025% trypsin (cat. no. 25-053-CI; Corning Incorporated) in RMPI-1640 medium on a horizontal shaker for 15 min at 37˚C. Digested tissues were filtered with a 200-mesh filter. The unfiltered digested tissues were further crushed and filtered again through a 200-mesh filter. The filtrate was collected and centrifuged at 300 x g for 5 min at room temperature. The cells were resuspended in full culture medium consisting of RMPI-1640 medium, 20% fetal bovine serum, 1% glutamate, 0.01 mg/ml insulin, 100 U/ml penicillin and 100 U/ml streptomycin. The cells were then cultured 37˚C in an incubator containing 5% CO 2 . The phase-contract morphology of cells was observed with a magnification of x100 or x200 and recorded using an Olympus IX71 microscope (Olympus Corporation, Tokyo, Japan).
Cell viability and cytotoxicity assays on the RCTA platform. The cell viability and drug toxicity analyses were performed using the RTCA xCELLigence DP system (ACEA Biosciences, Inc., San Diego, CA, USA), a real-time and label-free system used to monitor cell viability, migration and invasion. For toxicity analysis, cells were plated in an E-Plate 16 culture plate of the RTCA system using full culture medium in 37˚C overnight. Subsequently, the cells were monitored until the exponential phase, when they were treated with PTX (30 nM 
AlamarBlue
® cell viability assay. OM cells were plated at 2,500 cells/well in 96-well plates (Nalge Nunc International, Penfield, NY, USA). Detached and attached cells were counted using a Vi-CELL XR Cell Viability Analyzer (Beckman Coulter, Inc., Brea, CA, USA). For chemosensitivity assessment, 24 h after plating, cells were treated with PTX (30 nM), DTX (50 nM), DDP (15 µM), CBP (330 µM) and NDP (95 µM) only. Viability was assessed after 24, 36 and 48 h using an alamarBlue assay (Invitrogen; Thermo Fisher Scientific, Inc.; Waltham, MA, USA) according to the manufacturer's protocol, determined using Synergy microplate readers (BioTek Instruments, Inc., Winooski, VT, USA) with the fluorescence intensity at 590 nm.
Western blot assay. Cells were pretreated with NDP at the indicated concentration alone or with MTF for 24 h. Protein extracts were obtained using radioimmunoprecipitation lysis buffer (CW Biotech, Beijing, China) and protein concentration was quantified using a bicinchoninic acid protein assay kit (Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. Proteins (40 µg) were separated by SDS-PAGE (10% gels) and transferred onto polyvinylidene fluoride membranes (EMD Millipore, Billerica, MA, USA). Membranes were blocked with 5% bovine serum albumin in Tris-buffered saline containing 0.1% Tween-20 for 2 h at room temperature, and probed with antibodies against poly (ADP-ribose) polymerase, Rabbit anti-caspase 3 and GAPDH at 4˚C overnight. Rabbit anti-PARP (1:1,000; cat. no. 9542), Rabbit anti-caspase-3 (1:1,000; cat. no. 9665) and mouse anti-GAPDH monoclonal antibodies (1:1000; cat. no. 5174) were from Cell Signaling Technology, Inc. (Danvers, MA, USA). Then membranes were probed with secondary antibody for 2 h at room temperature. Secondary rabbit anti-mouse (1:3,000; cat. no. ab 6728) and goat anti-rabbit antibodies (1:3,000; cat. no. ab 6721) were from Abcam (Cambridge, MA, USA). Immunoreactive bands were visualized using the Pierce ECL Western Blotting Substrate (cat. no. 32106; Thermo Fisher Scientific, Inc., Waltham, MA, USA). Bands were scanned and analyzed using the FluorChem M system with AlphaView (version 3.4.0.0; ProteinSimple, San Jose, CA, USA). All experiments were performed three times.
In-cell ELISA assay. In total, 5,000 cells/well were seeded into a 96-well plate. The plates were incubated overnight at 37˚C in 5% CO 2 . Cells were treated with 24 or 48 mM NDP with or without 8 mM MTF. The expression of cleaved PARP or cleaved caspase-3 was analyzed using a human PARP (Cleaved) Multispecies In-Cell ELISA kit (cat. no. 62219; Thermo Fisher Scientific, Inc.) or human caspase-3 (cleaved) Multispecies In-Cell ELISA kit (cat. no. 62218; Thermo Fisher Scientific, Inc.) at 24 and 36 h after drug exposure. The results were normalized with the expression of α-tubulin according to the manufacturer's instruction.
Statistical analysis. The CI readouts provided by the RTCA system are expressed as the mean ± standard deviation from the duplicated results. Every result was from two repeats and in duplicated wells. Representative results are presented. A one-way analysis of variance with Bonferroni's post hoc test was used to compare the differences between groups. Statistical analyses were performed using SPSS for Windows (version 20.0; IBM Corp., Armonk, NY, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
Primary ovarian tumor cells generated from the primary lesion and OM. In the present study, cancer cells were generated from the primary lesion and OM lesion successfully. The morphology of cells at day 4 is presented in Fig. 1 . However, cells of different orientation had dissimilar morphology and biological characteristics. Cancer cells derived from the primary lesion were larger, polygonal, clustered and surrounded by fibroblasts (Fig. 1A) . Following a number of passages, cells from the primary lesion lost the ability to proliferate and soon underwent apoptosis. The OM cells had an improved proliferative ability and were round and spaced apart from fibroblasts, and non-tumor cells were almost invisible (Fig. 1B) . As the primary lesion had been removed, there was no requirement to further test the drug sensitivity in these cells. Thus, all cytotoxicity assays were conducted on Passage 3-Passage 5 OM cells.
Dynamic assessment of the cytotoxicity of commonly used chemotherapy drug combinations using RTCA. To avoid the drift of biological characteristics, cells used in the present study were limited to a maximum of five passages. At the time of experimentation, the cell morphology had not changed when observed under a microscope. The commonly used chemotherapy drug combinations tested in the present study were selected as advised by the National Comprehensive Cancer Network 2014 clinical practice guidelines for ovarian cancer (https://www.nccn.org/patients/guidelines/quick_guides/ ovarian/treatment_planning/index.html) and the evaluation of the physician in charge of treatment.
DDP, CBP and NDP were the most commonly used platinum-based drugs for the treatment of ovarian cancer (14) . The sensitivity of OM cells to these drugs alone was initially analyzed. Platinum drugs combined with PTX or DTX are standard treatments for ovarian cancer (14) . Thus, the cytotoxicity of the chemotherapy drug combinations, including DDP+PTX, CBP+DTX, and NDP+DTX, were also assessed (Fig. 2) .
Initially, to rapidly screen the most effective drug, single and combination regimens were tested at certain concentrations calculated according to the dosage based on body surface area. The biosensors detected the attachment of OM cells and began to produce impedance-based readout values of CI at 4-5 h after plating. Cells entered the exponential phase of proliferation at ~5 h after plating. The cells were then exposed PTX (30 nM), DTX (50 nM), DDP (15 µM), CBP (330 µM) or NDP (95 µM) when the CI value reached 0.9 to 10 ( Fig. 2A) .
As presented in Fig. 2 , non-treated OM cells (control) maintained aggressive proliferation. Neither PTX or DTX was able to induce apoptosis of OM cells as indicated by their CI curves, which became flat following exposure to PTX or DTX (Fig. 2A) ; the slope was close to zero (Fig. 2B) , suggesting that those drugs only inhibited the proliferation of OM cells.
The cells exposed to DDP, CBP, and NDP all exhibited a typical downward shift in their proliferation curves (Fig. 2A) . The earliest and sharpest decline was observed following NDP treatment, indicating the start of apoptosis at 20 h after the addition of drugs, whereas those treated with CBP and DDP exhibited a more gradual decline in their proliferation curves and apoptosis commenced at 35 h after the addition of drugs (Fig. 2A) . The most extensive apoptosis occurred at ~30 h following exposure to NDP, and at ~50 h following exposure to CBP or DDP. The slope of the CI value exhibited the same trend (Fig. 2B) . The CI declined to almost 0 at 40 and 70 h after exposure to NDP or CBP. However, the CI curve for the OM cells treated with DDP reached a plateau 70 h after treatment, and the CI value only declined to ~60%, which may indicate that these OM cells were less sensitive to DDP. The cell viability normalized from CI indicated that, from 24 h, NDP had a statistically significant killing effect compared with DDP and CBP (P<0.05). This difference existed up to 72 h (Fig. 2C) . To confirm this result, a chemosensitivity assay was conducted using alamarBlue. The results revealed similar trends, in that NDP exhibited the strongest toxicity towards OM cells, followed by CBP and DDP (Fig. 2D) .
The present study demonstrated that combinations of platinum with taxanes were more toxic to OM cells compared with platinum alone. The CI curves began to gradually decrease following the addition of the chemotherapeutic drugs except DDP+PTX, compared with the slight increase in cells treated with platinum only (Fig. 3A) . The slopes of each drug combination between 0 and 20 h exposure (Fig. 3B) were similar to those of PTX or DTX alone (Fig. 2B) , and indicated that this result may be the effect of the taxanes. The normalized CI curves revealed that NDP in combination with DTX exhibited the most cytotoxicity among drug combinations without MTF in OM cells (Fig. 3A) . The slopes also indicated that the steepest decline occurred at ~20 to 40 h after exposure to NDP+DTX. The steepest decrease occurred between 40 and 60 h after treatment with CBP+DTX or DDP+PTX (Fig. 3B and C, C-1) . However, the CI curve of cells treated with DDP+PTX, as well as DDP alone, entered a plateau 70 h after treatment (Fig. 3A) . The combination of NDP and DTX exhibited the most marked killing ability in the three combinations between 24 and 72 h (P<0.01; Fig. 3C, C-1) .
MTF increases drug sensitivity in cells in a dose-dependent manner.
It has been reported previously that MTF improves ovarian cancer cell sensitivity to platinum-based drugs (10) . In the present study, the effect of MTF on OM cells was further examined. As hypothesized, the CI curve declined more and the slopes were steeper during the first 20 h of exposure, and the time it took for CI to approach zero was decreased in every combination with MTF compared with the treatments without MTF (Fig. 3A and C, C2-C4 ). In DDP+PTX+MTF-treated cells, the CI fell below 0.2 with MTF, compared with 0.4 without MTF, at 70 h after treatment. Between 24 and 72 h, in different combinations, adding MTF in all groups led to an increased cytotoxic effect (P<0.01; Fig. 3C, C2-C4) . Furthermore, the combination of NDP+DTX with MTF was examined at 4, 8 and 16 mM. The results demonstrated that MTF improved the cell sensitivity at 12, 24 and 36 h (P<0.05; Fig. 4) .
MTF increases platinum drug-induced apoptosis.
To further confirm that the decrease in the CI value was the result of apoptosis, PARP expression was analyzed by western blotting. MTF alone was not able to induce apoptosis; however, the apoptosis induced by NDP was enhanced as the PARP expression decreased along with the dosage of NDP when MTF was used (Fig. 5A-C) . The expression of caspase-3 was also increased (Fig. 5A-C) . To establish whether PARP or caspase-3 were activated, an in-cell ELISA was performed and it confirmed that MTF at concentrations as low as 8 mM was able to significantly (P<0.05) increase the amount of cleaved PARP and cleaved caspase-3 ( Fig. 5D and E) .
Discussion
Ovarian cancer is the most lethal gynecological malignancy affecting women worldwide and the fifth most common cause of cancer-associated mortality among women in the USA (15) . According to statistics, only 45% of patients with ovarian cancer have a survival time of 5 years following their diagnosis (16) . In recent decades, despite the development of novel therapeutic strategies, surgery and platinum-based chemotherapy remain the standard treatments for ovarian cancer (17) . The clinical chemotherapy options are limited, as patient reactions to the chemotherapy vary and chemoresistance develops rapidly, particularly for patients at the middle and advanced stage of ovarian cancer. The majority of patients with ovarian cancer have their primary ovarian tumors removed and subsequently succumb to metastatic disease rather than their primary tumor (18) . In the present study, the patient OM-derived primary cells were investigated for chemotherapy drug sensitivity using the xCELLigence system. The results demonstrated that the metastatic cell sensitivity to the commonly used clinical chemotherapy drugs varied considerably. The cell responses to certain drugs, such as NDP and DTX, were positive; however, for other drugs, such as CBP and PTX, the cytotoxic effects were not evident. The results of the present study also revealed that MTF exhibited a promising sensitization effect and may assist in reversing drug resistance.
Pelvic metastases are common in ovarian cancer (19) . Currently, the treatment of pelvic metastatic ovarian cancer relies on platinum-based chemotherapy regimens (1,2,19) . The clinical selection of drugs for these patients often relies on doctors' experience and lacks clear drug markers (2, 19) . However, the majority of patients eventually become resistant to chemotherapeutic drugs and this causes the prognosis of these patients to be unsatisfactory (20) . Previous studies for ovarian cancer were primarily based on cells generated from primary lesions (21, 22) , and few of these studies focused on the omentum (23) . It has been suggested that metastatic cancer is a markedly heterogeneous disease at the genetic, transcriptomic and microenvironment levels (24) . Therefore, the results generated from primary lesions could not fully reflect the properties of metastasis. In addition, the heterogeneity between tumors indicated that drug sensitivity may also vary for each patient. A rapid method to determine the sensitivity to the drug was beneficial for effective drug regimen selection. In the present study, primary tumor cells were successfully isolated and cultured from the patient's omentum, and the platinum sensitivity was evaluated by the xCELLigence system within 10 days of surgery.
The response of the cells to different chemical drugs was varied, which could not have been predicted by clinical experience. Certain first-line chemotherapeutics, such as CBP, did not produce a satisfactory effect even at a high concentration (330 µM). Compared with other primary cultured cell lines, primary omentum ovarian cancer cells in this case were resistant to DDP. This indicated that this tumor cell type was not effectively killed by this widely used chemotherapy regimen, and drug-resistant cells may become the principal reason for tumor recurrence. In clinical practice, if it were possible to tailor individualized treatment based on the specific patient response to different treatments, the curative effect would be improved.
The resistance of ovarian cancer to platinum-based treatment may be intrinsic or acquired, and is brought about through a wide array of mechanisms (25) . This includes pumps that eject the drug from the cell (26) , to promoting the expression of genes that enable alternative growth pathways (27, 28) , as cancer cells explore all avenues in their bid to survive and proliferate (25) . Further complicating matters is the time spent understanding which mechanism or mechanisms are active in any particular individual (29) . It is hoped that the results of drug susceptibility testing are useful in platinum-based chemotherapy to help achieve optimal chemotherapeutic effects, or at least to increase treatment intervals and improve the quality of life of the patient.
There were limitations to the present study, such as the primary cells used were a mixture of fibroblasts or other cell types, even though fibroblasts almost disappeared within a few passages. Conversely, fibroblasts were able to supply cytokines and maintain the in vivo microenvironments for tumor cells. In the present study, only cells between P3 and P5 were used when the fibroblasts were almost invisible. Furthermore, the fetal bovine serum used for cell culture may be replaced by an improved serum-free formula to minimize the influence of the cytokines in serum.
MTF, the most widely used drug for type 2 diabetes, has advantages including fewer side effects and low cost (7) . It has been demonstrated that MTF effectively inhibits the proliferation of numerous ovarian cancer cell lines, including DDP and taxol chemoresistant cell lines (30) . Previous clinical studies and in vitro analysis indicated a promising application of MTF to improve the effect of chemotherapy for ovarian cancer (9, 10) . In the present study, the enhanced sensitivity of MTF was confirmed in OM cells from one patient without diabetes. Western blot analysis demonstrated that MTF could accelerate apoptosis of OM cells caused by NDP. The main adverse effect of platinum is myelosuppression (20) , so if MTF can improve chemotherapy sensitivity, it will help to decrease the dosage of NDP to achieve a similar killing effect to the regimens without MTF (12) . However, it is not certain whether all patients with ovarian cancer may benefit from this drug at present, as cases of MTF resistance have been reported (30, 31) . For example, in vitro cell experiments, in the ovarian cancer cell line SKOV3ip were reported to be not as sensitive to MTF as other ovarian cancer cells (30) .
In clinical practice, identifying patients who would benefit the most from the use of MTF in combination chemotherapy is the top priority. However, the lack of clinical indicators and tests for rapid prediction has become a major constraint to the clinical application of MTF in the treatment of ovarian cancer (32, 33) . Great efforts have been made to elucidate the mechanism of action of MTF. A previous study indicated that MTF downregulated the expression of the anti-apoptotic proteins B-cell lymphoma 2 (Bcl-2) and myeloid cell leukaemia 1, and upregulated the expression of the pro-apoptotic protein Bcl-2-associated X protein (Bax) in cancer cells (34, 35) . It has been suggested that MTF may serve an antitumor role directly via an AMP-dependent protein kinase (AMPK)-dependent or AMPK-independent pathway (31) . In addition, MTF may increase the transcriptional expression of p53 and its downstream targets Bax and p21, thus promoting apoptosis and inhibiting tumor growth (36) . A previous study demonstrated that MTF blocked cancer cells in the G1 stage (37) and induced cell cycle stagnation or apoptosis. Cancer stem cells appear to be key to chemoresistance and tumor relapse. A previous study implied that MTF at a low dose selectively inhibited CD44 + CD117 + ovarian cancer stem cells through inhibition of epithelial-mesenchymal transition and potentiated the effect of DDP (38) . Although in numerous studies, the dosages of MTF were higher compared with the dosage in clinical patients, the use of MTF has increased the understanding of the mechanisms of tumor cell chemoresistance, metastasis and recurrence (39) (40) (41) . However, there was no consensus in these studies concerning the markers to identify patients that would benefit from MTF. MTF was traditionally applied in patients with type 2 diabetes mellitus; however, there is not enough evidence to support its use in all patients without type 2 diabetes mellitus, and MTF-resistant cells have also been identified (30, 31) . The method developed in the present study may help to identify patients sensitive to MTF. However, as the present study only concerned one case, an increased number of cases including patients with type 2 diabetes mellitus will be recruited for further study. In conclusion, the sensitivity of OM cells to different platinum-based regimens varied considerably. The real-time cell analyzer assay may assist in selecting personalized chemotherapy regimens in clinical practice. Investigating and clarifying the underlying molecular mechanism of MTF, a drug with a chemotherapy sensitization effect, may shed some light on the treatment of ovarian cancers, particularly those with extensive metastatic tumors.
